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SUMMARY

A studyhasbeenmadeoftheheatrequirementforthecyclicde-icing
ofhollowsteelpropellersfittedwithexternalbladeheatingShoes.
Solutionstotheequationsfortheheatflowin cyclicheatingofpropel-
lerswereobtain~,usingan electricalanalogy.Thestudyshowd.howthe
ener~requirementforpropellerde-icingwithexistingbladeshoescould
be decreased,andillustratedtheeffectofblade-shoedesignonthe
ener~requirement.Itwasdemonstrated,forexample,tha%by increasing
theheatingintensityanddecreasing-theheatingperiodftomthosecur-
rentlyusedtheenergyrequirementcouldbe decreasedintheorder
of60percent.Inaddition,itwasshownthatheatingrequirementscould
be decreasedfurther,by asmuchas60percent,throughproperdesignof

I theshoes.Theinvestigationalsoshow~theener~requirementto
r increasewithdecreasingliquid-watercontentandairtemperature.Uncer-

:: taintiesasto theexactvaluesofconvectiveheat-trsmsfercoefficient
prevailingoverthesurfaceofthebladeandicelayerresultedinuncer-
taintiesofappro~tely proportionalmagnitudeinthevaluesofrequired
heatingiptensity.

.
INTRODUCTION

Propellericeprotectionforaircraftis generally~rovidedby
electricalheating.~ thedevelopmentofexterhalheatingshoes,emphasis
wasplacedprimsrilyonthedeterminationoftheheatingintensity
required.PreMminarytestsindicatedpowerrequirementsforcontinuous
heatingtobe solsrgethatcyclicoperation,withattendantpowersavings,
wasalmostmandatory.Subsequenttests(reference1) includedsomevaria-
tionin cyclictimeandotherpertinentfactors,butweregainlyconcerned
withheatingpatternandheatingintensityforonebladeandshoeconfig-
uration.

#
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2 NACATN2852

Testsof cyclicallyoperatedpropellerbladeshoeshavebeentoo
Mmitedinscopetoprovidea comprehensivepictureoftheeffectsof
variousparametersonblade-shoeperformance.Electricalshulationof
theflowofheatfromtheheatfigelementofa bladeshoeduringcyclic
operationoffereda meansforobtainingmorecompletedataon cyclic
de-icing.Byuseofan electricalanalogy,a largerangeofconfigura-
tionsandoperatingconditionscouldbe coveredreadily.Sucha study
ofa similarproblemwasfirstmadeby Tribus(reference2). Thiswork
waslimitedinitsscope,reproducingportionsofthedataobtainedin
reference1 andcoveringonlythegeneralaspectsoftheproblem.

Thepresentstudyisthefirstphaseofa generaltivestigationof
thecyclicde-icingofpropellersprotectedwithheaterelementsinstalled
oneithertheerbernalortheinternal.surfaceoftheblade.Thisreport
concernsheatingshoesmountedexternallyona hollowsteelblade.The
PurPoseoffiis~~estietioniStwofold:(1)topresentdatawhichwill
showtheoperatorof existingpropellerbladeshoeshowto obtaineffi-
cientoperationundervariouEmeteorologicalconditions,and(2)to indi-
catetothedesign=ofbladeshoesthefactorsinfluencingproperdesign
andselectionofinsulatingmaterials.Quantitativevaluesaregivenin
bothcases.An electricalanaloguewasusedinthestudytoprovidea
solutiqntotheheat-flowequationsrepresentingtransient
a cyclicallyheatedpropellerandblade-shoecombination.

FACTORSINFLUENCINGEEWTINGREQU3REMENTS
FORCYCLICDE-ICING’

heatflowsin
.

In orderto aidin theunderstandingoftheproblemofcyclicpro-
pellerde-icing,thefactorsgovm heatingrequirementsforcyclic
de-icingwillbementioned.Amongtheimportantvariablesinfluenctig
theheatingrequirementsarethedurationoftheheatingperiodaudthe
heatingintensitysuppliedto~hebladeshoes.Itwouldbe ~ected that
astheheatingperid isdecreased,theheatingintensitymustbe increased
tomaintainde-icingprotection.Also,themeteorologicalconditions
(liquid-watercontentandairtemperature)andflightconditions(air-
speedandaltitude)affecttheenergyrequirements.Thethiclmessand.
thermslconductivityoftheinsulationmaterialtiedintheconstruction
ofthebladeshoessreadditionalfactors.Theinfluenceonpropeller
heatingrequirementsofvariationsin eachoftheseparameters,withthe
exceptionofairspeedandaltitude,wasstudied.

“

.,
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DESCRIPTIONOFEQUIPMENT

ElectricalAnalogue‘

3

Theelectricalanalogueusedinthestudyofcyclicde-icingis
showninfigure1. Theanalogueconsistsessentiallyofa networkof
electricalresistancesandcapacitancesconnectedin sucha mannerasto
shulatea thermal.circw+t.In theelectricalcircuit,electrical
resistanceandcapacitmcerepresentthermalresistanceandcapacitance,
currentflowrepresentsheatflow,andvoltagedifferencerepresentstem-
peraturedifference.Theresistancesoftheanaloguenetworkconsist
ofpotentiometersconnectedasrheostats,whilethecapacitancesconsist
of condenserswhichwereconnectedto obtainthedesiredvalues.The
methodofutilizingan electricalanalogyforthesolutionoftransient“
heat-flowproblemsisthoroughlytreatedinreferences3,k,and~.

SpecialCircuits

Intermittentapplicationofcurrent,representativeof cyclicheat:
ing,wasaccomplishedbymeansofa switchingsystemactuatedby a syn-
chronouselectricmotor.Sincethepowerinputtothebladeshoeis
constantduringtheheatingpartofthecycle,a sourceof constantcur-
rentwasprovidedfortheelectricalsimulationofpowerinputtothe
heaterelement.Additionalconstant-currentcircuitswerearrangedto
representtheapplicationofheatatthebladesurfaceresultingfrom.
aerodynamicheatingandreleaseoftheheatoffusionofthesupercooled
dropsimpingingonthebladesukfaceastheysolidifiedto ice.

Torepresenttheperidicaccumulationoficeonthebladeshoe,
relaycircuitswereemployedwhichswitche~inresistorsandcondensers
representingtheequivalentvaluesofthermalresistanceandcapacitance
oftheicelayers.Thecontinuousgrowthof.theiceformationwasrepre-
sentedinthe@ogy, usingtheassumptionthattheicebuiltup inthree
layersofequalvolumethroughouteachcycle.Periodicprechargingof
thesecondensers,justpriortotheirconnectionintothecircuit,to
representtheincreaseintemperatureoftheicelayersduetotheaddi-
tionofaerodynamicheatingandreleaseoftheheatoffusion,oftheice
uponformationwasachievedbymeansofa circuitutilizingtheconstsmt-
currentpowersupplyandtheice-accumulationrelays.Theserelayswe~e
synch&otizedwiththecyclicheatingthroughthesameswitchingsystem.

Becauseduringapplicationofheatcertainportionsoftheblade-
. shoesurfaceunderneaththeiceformationreachedthemeltingpointof

icebeforereleaseoftheformation,specialcircuits,temiedllheat-of-
fusioncircuits,”wereprovidedwhichheldthesurfacetemperatureof

n theseregionsata const=tvoltagerepresenting32°F untilreleaseof

——..—. ____ __________ . .. _ . - ._ ._.’
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theiceaccumulation.Thisrepresented
icelayerduringthemeltingprocess.

.
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theabsorptionofheatby the
.

MeasuringEquipnent

A recordingoscillograph,showninfigure2,wasusedtorecordthe
voltagechangesrepresentativeofthetemperaturechangesoccurringdur-
ingcyclicheating.Thesameinstrumentwasutilizedtomeasurethe
currentflowrepresentativeofheatflow.

CHARA-TICS OFPROPEILER,BLADESHOE,ANDICEFORMATIONS

Configuration~d CharacteristicsofPropellerBlade

Thepropellerselectedforthisstudyistypicalofthosecurrently
inuseontr~sportairplanes.Theaerodynamicandphysicalcharacter-
isticsofthebarepropellerblade(withoutbladeshoes)aregivenin
figure3. Thesymbolspresentedinthisfigureandthoseusedelsewhere
inthereportaredefinedinappendixA. Crosssectionsoftheblade
withshoesinstalledshowingthesectioncontoursattheradial.stations
_edare presentedinfigure4. Thevaluesforthepropertiesof
blade-metaldensity,specificheat,andthermalconductivityusedinthe
studyaregivenintableI.

ConfigurationandCharacteristicsofBladeHeatingShoe

Studyof conventionalbladeshoe.-A bladeshoe@picalofthose
currentlyinusewassimulatedforthisphase”oftheinvestigation.The
shoewasassumedto extendfromthebladeshanktothetip. As illus-
tratedinfigure4,theshoeextendedchordwisea distanceofabout
1-3/4inchesonbothsidesofthebladefromtheleadingedgeforthe
entirelengthoftheshoe.Theinsulatingmaterialwasconsideredto
consistoflayersofrubber0.03inchthickaboveandbelowtheheater
element.Valuestakenforthephysicalpropertiesoftheinsulating
materialareshownintableI. A uniformchordwiseheatingdistribution
wasassumed.

●

Studyofeffectsofvariationsin characteristicsofbladeshoe.-
Theeffectsonheatingreq~ementsofvariationsinthephysical.proper-
tiesandthicknessoftheblade-shoeinsulationmaterialwere.stu~edfor .{
oneradialstationatonemeteorologicalandoperatingcondition.The
pogramforthesystematicstudyoftheseeffectsispresentedinthe
followingtable.Multiplyingfactorsforthepropertiesoftheinsulation ‘
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materialarebasedonlayersofrubber0.03inchthickaboveandbelow
theheaterelement.

Effeet
studied

Variationsin
properties
forinsula-
tionabove
heataele-
ment(insula-
tionbelow
heate~0.03-
inchrubber)

Variationsin
properties
forinsula-
tionbelow
beaterele-
ment(insula-
tionabove
heater0.03-
inchrubber)

Variationsin
properties
forinsula-
tionabove
andbelow
heaterele-
ment

Locationof
insulation
relativeto
heater

Above

Below

Above

Below
Above

Below-
Above

Below

Multiplying
factorfor
thermal

resistance,R
0.5

.2

0

0

1

.5
2

5

10

Ce

1

2

PlqlWical
significance

o

--%----

0
●3

2

Multiplying
factorfor
thermal

capacity,C
1

1

1

0

0

1“5

1

1
4

0

0

2
0

0
0

0
95

2

No insulation

1/2thickness

Perfectinsula-
tion

2 X thiclmess
No insulation
above,perfect
insolationbelow
No insulation
(heateronblade.
metalsurface)
1/2thichess
above,2 X thick.
nessbelow

I

ConfigurationandCharacteristicsofIceFormations

TheconfigurationsoftheiceformationsassumedareiUustrat~in
figure4. Thechordwiseextentoftheformationswasbasedon calcula-
tionsofthefarthestpointaftofwater-dropimpingement,usingthedata
ofreference6,whiletheshapeoftheaccretionwasbasedonphotographs
ofactualiceformationsandexperiencewiththeaccretionoficeon

!’ ,
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TableI presentsthevaluesofthephysicalproperties
usedintheinvestigation.

DivisionofBlade,Shoe,andIceFormations

Intheanaloguestudy,theblade,shoe,and
dividedintoregionsthroughoutwhichconditions
Thebladewasditidedradiallyat 4 stationsand

forAnaIogueStudy

iceformationswere
wereassumedconstant.
chordwiseinto11 seg-

ments,withthesmallestdivisionsintheleading-edgeregionatthe
locationofthebladeshoe. (Seefig.4.) Eachsegmentwassubdivided
intoonelayerrepresentingtheblademetal,sixlayers(threeoneach
sideoftheheat- element)representingtheshoematerial,andthree
byers.correspondhgtothreeiceincrements.

OPERATINGANDMETEOROLOGICALCONDITIONS
-CTED F@ mm CALCULATIONS

MrplaneOperatingConditions

Theairplaneoperatingconditionsselectedforallthetestswere
chosenasbeingtypicalofthosefortransportairplanescurrentlyin
operationandaregivenasfollows:

.

Forwardtrueairspeed 300mph
I&opellerrotationalspeed I-1oorpm
Pressurealtitude 20,000feet

Blade-Shoe-HeaterOperatingConditions

A total-cycle-timedurationof80 secondswasmaintainedforalJ.
testsof cyclicheating.bee ratiosofdurationofheatingperiodto
total-cycletimewereinvestigated,asfollows:

Timeon Timeoff
Cycleratio m-
l-to4 20 60
lto8 10 70
1to16 5 75

.,

.
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7NACATN2852

MeteorologicalConditions

Thebasicmeteorologicalconditions

‘ Liquid+atercontent
Wate*oy diameter
Free-airtemperature

Ltiitedstudiesalsoweremadeatvalues

selectedwe~:

0.1grn/m3
15microns
-MO ~

ofliquid=watercontentof,0.2,
0.4,and0.6grampercubicmebr, andatairtemPe~~s of0°
and+?OOF. Theliquid+atircontentof0.1grampercubicmeterwas
selectedasa reasonablelowvaluesincelowvaluesofwatercontent,
combinedwithlowairtemperature,representthemostsevereconditions
fora propellercy~licde-icingsystem.Theairtemyeram of–1-2°F
was ccmputedfromthedataofHference7,andWLMbasedontieProba–
bilityofencounteringa lowervalueofairtemperatureoncein1000icing
‘encountersfortheconditionsof0.1grampercubicmeterand15microns
diameter.

TESTPROCEOURE

Arrangement0?AnalogueCircuitsto Simulate
CyclicDe-Icingofa Ilropeller

,,
Appropriatevaluesof electricalresistanceandcapacitancewere

placedontheanalogueto simulatethethermalcircuitofthepropeller
blade.PreMminarycalculationsandtestsindicatedthatradialheat
conductionwasnegligible.Therefore,independentc~,cuitsweresetup
foreachpropellerstation.Theheat-transferequation.usedinthe
evaluationoftheeffectivethermalresistancefromtheicesurfaceto
thesurroundingairandtheequilibriumtemperateoftheicesurface
isdevelopedinappendixB. Themethodofreference8 wasusedto com-
putethevaluesofheat-transfercoefficientwhichdeterminethevalues
oftheairthermalresistance.Inthecomputationof electricalvalues,
a ratioofanaloguetimetoactualt+e of1
theuseof condensersofa sizesufficiently
analoguepanels,andto allowthedatatobe
a l-secondincrementoftimeontheanalogue
intervaloftimeonthepropellerblade.

to 50.was.takentoallow
smalJforinsertiononthe
obtainedrapidly.Thus,
representeda 50-second

Priorto gatheringthetransient-temperaturedata,thev&luesof
equilibriumsurfacetemperatureweresetforeachofthebladese~ents.

. Intheregionoftheicecap,theheat-of-fusioncircuitsweresetfor
allse~entsbuttheoneexhibitingthesmallesttemperaturerise.With
thebladeshoeoperatingcycll.tally,theheaterinputi.ntensitywas

. adjustedGOthatthesurfacetemperatureofthis’segmentjust

. —–—. —-.—-— ——— -— --.--—--- ——— — ,—--. . .. . . . ---—— -- —--— —-— .-.. .- - ~ — .- .,.
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reached35°F attheinstantofterminationoftheheatingcycle.It
wasassumedthatthiswouldassurea completereleaseofallportionsof
theiceformation.

RecordingofData

Withtheanaloguevaluesproperlyadjusted,separaterecordswere

P

takenofthetemperaturevariationsoftheblade-shoesurface,heater
element,andblademetal,andvariationsoftheheatflowfromtheheater
elementduringshulatedcyclicde-icingofthepropeller.Curvesalso
wereobtainedofthe%iation oftheheater-elementtemperaturewith
the dur~ theinitialperiodofa continuousapplicationofheat.

.
RESULTS

Cyclic-HeatingData

Typicaldata”from”analogue.-Chmvesrepresentativeofthedata ‘
obtainedfromthean~ogueareshowninfigures5 and6. Figure5 pre-,
sents,foronese~entofthepropeller,thetemperaturevariations-for
theblade-shoesurface,heater,andblademetal,andthevariationsin
m~de ~d.~ection oftheheatflowfromtheheaterelement.~i-
caltemperaturevariationsforallsegmentsoftheexpasedsurfacesof
thebladeandshoeareshowninfigure6 foronepropellerstation.
Thesedatacanbe consideredtobetypicalfortheotherstationsaswell.

Effectsofvariationsin operatingconditionsforoneblade-shoe
configuration.-Theblade-shoeconfigurationsimulatedforthesetests
consistedoftheconventionalshoepreviouslydescribedinfigurekand
table1,whichwasintendedtobe typicalofthosecurrentlyinuse. The
resultsoftests-todeterminetheeffectofvariationsinthecyclic-
heatingratioandairtemperatureontherequiredheatingintensityfor
thefourratkl stationsanalyzed-areshowninfigure7. Forthesetests
theliquid-watercontentwasmaintainedat Oyl~am percubicmeter.
TableIIpresentsthemsxbmnnheatertemperaturesreachedduringopera-
tionundertheaboveconditions. . . i

IHgure8givestheresultsofteststo illustratetheeffectofa
variationinliquid-watercontentm theminimumvalueofairtemperature
forwhichcyclicde-icingcsnbe accomplishedwitha heatingintensity

. of10wattspersqusreinchofblade-shoe-surfaceareaanda durationof
heatingtimeof20 seconds.Thesedatawereobtainedforradialstationk8 “
only. \

.

t
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Theresultsofan investigationattypicalvaluesofheatinginten-
sityandcyclicratiocurrentlyinuseareshowninfigwe 9. This
figureindicatesthendmbnumfree-ahtemperatureforwhichcyclic
de-icingcanhe achievedwitha heatingintensityof8 wattspersquare
inchanda cyclicratioof20 secondsonand60secondsoff,forone
valueofliquid-watercontent..

Effectsofvariationsinblade-shoematerialamdconstructionfor
fixedoperatingconditions.-Thesetestswereperformedforthebasic‘
meteorologicalconditionsof 0.1~am percubicmeterwatercontent
and-12°F free-airtemperature,andforradialstation48only.Fig-
ure10 illustratestheeffectofvariationsinthethermalpropertiesof
theinsulation&terialabovetheheaterelementontheheatingrequire-
mentsasa functionofheat-ontime. Similardatafortheinsulation
layerbelowtheheaterelementarepresentedb figureIl. Figure12
showsthecombinedeffectofvariationsinthepropertiesfortheinsu-
lationlayersbothaboveandbelowtheheaterelement.Furtherteststo
illustratethisccrabinedeffectaregiveninfigure13,whichcompares
theheatingrequirementsfortheconventionalshoeanda shoehavingdif- -
ferentthicknessesaofrubberinsulationaboveandbelowtheheater.

Effectsofvariationsinheat-transfercoefficients.-As inthepre-
viousexperiments,thesetestswerelimitedto.station48andwerecon-
ductedfortheconditionsof 0.1gam percubicmeterand-12°F. The
effectofa variationoft20percentfromthecalculatedheat-transfer
coefficientontheheatingrequirementsis shownin figure14forthe
conventionalshoeanda modifiedshoe.

2

. Continuous-HeatingData

A typicalcuve ofthe-initialheater-element-temperaturechange
resultingfroma continuousapplicationofheatispresentedinfigure15.
Datashowingthethe requiredfortheheatertemper.atur~toreachvalues
of150°,1750,and2000Ffor continuousheatingunderthesameoperating
conditionsas forcyclicheating(tableII)are.givenintableIII. These

> datawereobtainedfortheconventionalbladeshoefrcmcurvessimilsrto
thatshowninfigure15. Thevaluespresentedinthistablewouldpro-
videinformationapp~cableto thecaseofmalfunctioningofthecycling
switchwherein=cessivetemperaturesmightcausefailureoftheblade-
shoeinsulation.

As mentioned
requirementfora

previousQ,
givenblade

DISCUSSION

theheatingefficiencyandresultingenergy
shoearedependentontheprocedurefollowed

-. .—.. ..—.- .—-—- —--- -.— -— ——.
.__.. -. .- . . ---- .-. ._ . _ __-.. - - ..-—— .—. -—--—-—————-———.- -
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10 NACATN2852

intheoperationoftheshoe. Inaddition,thedesignoftheshoeand
theselectionofmaterialsusedinitsconstructioncanalsoinfluence
itsperformance.Consequently,theresultsofthisinvesti~tionhave
beenexaminedfromtheviewpointsofboththeoperatorandthedesigner.

.

.
Blade-ShoePerfo~ce as InfluencedbyVariations

in OperatingConditions

Effectofvariationindurationofheatingperiod.-Fromfigure7
itis evidentthatasthedurationoftheheatingperiodisdecreased,
therequiredheatingintensityforde-icingis increased.Therequired
increaseinheatingintensity,however,isnotproportionatelyaslarge
asthedecreaseinheatingperiod,resultingina decreaseintheover-
allenergrequirementfora decreasedheat-ontime. Thiseffectis
illustratedinfigure16,inwhibhisshownthepossibledecreasein
requiredenergyasa functionofheat-onthe. Thevaluesofenergy
requirementarebasedontheprciluctofheatingintensityandheating
the as obtainedfromfigure7. Figure16 showsthatby decreasingthe
durationofheatingtimefrom20 secondsto 5 seconds,theenergyrequire-
mentcanbe decreasedby about60percent.

Therearethreefactorswhichmustbe considered,however,before
thissavingcanbe effected.Theseare(1)themorerapidtemperature

o risesinandundertheheatingshoeresultingfromtheincreasedheating
intensityrequiredforshortheatingperioti,(2)theincreasedsizeof
theiceaccretionsthrownfromthebladebecauseoflongerheat-offtime,
and(3)theadaptabilityofa shortcyclicheatingtimeto thesourceof
electricalpower.ThedataintableIIinticatethatthemaximumheater
temperatureswouldnotbe excessiveatheatingintensitiesashigh
as27wattspersquareinch. Inaddition,themaximumtemperaturereached
atthesurfacecommontothebladeandshoewassho~mfromtheanalogue
datatobewellbelow100°F. Consideringthesecondfactor,thetoler-,
ablesizeoficeaccretionisdependentuponconditionswhichareestab-
lishedbytheparticularinstallation,andmayreqyiresomecompromiseon
thepartofthedesigner.Finally,theinclusionofa shortheatingthe,
suchasa l-to-16cyclicratio,forpropellerheatingwiththeotherelec-
tricaldemandsfortheaii-planemayormaynotpresentthedesignerwith
a problem.For~le, ona four-engineairplanewithfour-bladedpro-
pellersthesuccessiveheatingofonebladeata the wouldprovidea 1

reqyiredcyclicratioof1 to16. Thisprocedurehasthepossibledis-
advantageofunbalancingthepropelleriftheremovediceaccretionsare
large.Ifitisimpracticaltoheatonebladeata t~e, thepower
supplywouldhavetobeusedintermittentlytomaintainthel-to-16cyclic
ratio,tiichdefeatsthepurposeoftheshortheatingthe. Twosolutions .

tothissituationare: (1)tousethepowersupplyforintermittentelec-
tricalde-icingofothercomponentsoftileairplane,and(2)todevelop
an intermittent-dutygenerator,whichshouldbe considerablylighterthan

.,

a continuous-dutygeneratorofcomparableoutput.

—.— — — ..-. -.–— .—— -. . ..—.— ———– .- -
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Effectofvariationinfree-airtemperature.-Figure7 showsthat
asthefree-airtemperatureisdecreasel,therequiredheatingintensity
isincreased.Theeffectofairtemperatm’eonrecyd.redheatingintensity
is showntohavea dominantinfluenceonthede-icingperformanceof
bladeshoes.Thedeviationofthecurvesforstation72fromthegeneral
patternfortheotherthreestationsisdueprimarilytotheincreased

. equilibriumtemperatureat thisstationresultingfromthehigherveloc-
ity. ‘

EffectofvariationinM.quid-watercontent.-~e dataoffigure8
showthatastheliquid-watercontentisincreased,theairtem~ature
atwhichcyclic-de-icingprotectionisobtainedwitha givenheating
intensitycanbe decreased.Fromtheseresults,itmayalsobe stated
thatatanygivenairtemperaturetheenergyrequirementforde-cing
decreases,asthewatercontentincreases.Thischaracteristicofpropel-
lercyclicde-icingisdue(1)totheeffectofthehigherrateof
releaseofthelatentheatoffusionresultingfromthemorerapidrate
offormationoficeatthehighervsluesofwatercontent,and(2)to
theincreasedinsulatingeffectofthethickericelayerwhichformsat
thehigherwater-contentvalues.Thefeatureofa decreasingenergy
requirementforcyclicde-icingwithincreasingwatercontentwasinitially
reportedinreference2, andisin co,ntrasttothecaseofenergyrequire-
mentsforan ice-preventionsystminwhichthesurfacetemperaturemust
bemaintainedcontinuouslyabovethefreezing.point.

? Itisof interestthaticingtunneltestsofcyclicallyheatedsta-
tionaryairfoils(references9 and10)showedpracticallyno influence
ofvariationsinliquid-watercontentontheenergyrequiredforde-icing.

. Itisbelievedthatthesedataarenotincompatiblewiththeconclusions
oftheanaloguestudy.Theresultsfromcyclicallyheatedstationary
airfoilscannotbe comparedwiththecaseof cyclicallyheatedrotating
propellers,wherethecriteriaforiceremovalareconsiderablydifferent.
Inthecaseofpropellers,it isnecessaryonlytoraisethesurfacetem-
peratureto 32°F to obtainde-icing,sinceatthistkmpratuxetheadhe-
sionoficedecreasesto zero(referenceI.1),andtheaerodynamicand
centrifugalforcesremovetheaccretions.Forwings,ontheotherhand,
theaerodynamic,forcesprovidetheonlymeansforsheddingtheiceaccre-
tions.Thisisan.uncertainactionand,asa result,theiceformations
arenotremovedwhenthesurfacetemperaturereaches32°F, butinstead
continuetoabsorbheatuntilremovalfinallyoccurs.Inviewofthis
additionalenergyinput,itisreasonablethattheenergy-requirement
variationwithchangesinliqxl.d-watercontentforintermittentlyheated
wingsshouldliesomewherebetweenthevariationsforcyckicallyheated
propellers(decreasingenergyrequirementwithincreasingwatercontent)
andcontinuouslyheatedwings(ticreasingenergyrequirementwithincreas-
ingwatercontent)..

Ithasbeendemonstratedthatthe-powerrequirementsforde-icing
increasebothwithdecreasingliquid-watercontentandwithdecreasing.
airtemperature.Unfortunately,itisa characteristicoficingconditions

.... —.—.—. -_.. ——...— -. —-.—---- ----- --——— ——. ~—. —--- ——— ----- .- ----.—. ----’ --
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thatastheairtemperaturedecreases,thevalue.ofwatercontentlikely
tobe encountereddecreasesalso(reference7). Thus,fortheprop+kr
cyc~c-de-ichqgsjstem,thepowerrequirementsaredoublyincreasedat
lowairtemperatures.Thereis somede~ee ofcompensation,however,in
thatasthewatercontentdecreases,thenecessityforde-icingalso
decreases,inasmuchastheformations10nottendtobecomeaslargeor
deleteriousasathighervaluesofwatercontent.Theprevalentmeteor- . ‘
ologicalconditionsmustbe consideredinthedesignandefficientoper- .
ationofblade-heatingshoeswithadequatede-icingprotection.It iS
believedthatthewater-contentvaluestogetherwiththeair-temperature
valuesstutiedinthisinvestigationprovidea reasonablecoverageof
suchconditions.

Radialdistributionofrequiredheatingintensity.-Curvesofthe
variationofheatingtitensityrequiredforde-icingas a functionof
radialstationfortheconventionalblade-shoeconfigurationarepre-
semi%dinfigure17forthecaseofa free-airtemperatureof -12°F.
Thesedatashowthattheheatreqtiementsdecreasewithincreasing
rtial station.Ws isa resultoftheincreasedaerodynamicheating
andrateofformationoficecausedby thehighervelocitiesattheouter
radialstations.Thehigherratesoficeformationyrovidea morerapid
additionofheatfromthelatentheatoffusionoftheice,which,when
combinedwiththeincreasedaerodynamicheating,morethancompensates
fortheincreasedheatlossresultingfromthehigherconvectiveheat-
transfercoefficientsprevailingovertheouterradialstations.

1

Thedistributionofrequiredheatingintensity~bited infigure17
indicatesthatforthecaseofexistingbladeshoes,whichgenertiyhave
a uniformheatingdistributionradially,theoutermostregionsofthe
bladeshoe.wouldtendtobe de-icedftist.Thw, at @cipientde-icing
failureoftheinnermostregionsofthebladeshoe,theouterstations
stillwouldtendto shedice,a conditionwhichisaidedby thehigher
centrifugalforcesintheseareas.Thispointis substantiatedby the
photo~aphsofreference1,whichshowtheouterregionsofthebladeto
be clearedwhiletheinnerportionsarecoveredwithicefora uniform
radialdistributionofheat. Thisisa desirablecharacteristic,inasmuch
as itistheouterportionsofthebbde whichdevelopmostofthethrust
andconsequentlyareaffected,mostadverselybytheformationofice
(reference12).

Examinationofmcdmum-heater-temperaturedata.-Thedatapresented
intable11,whichshowsthe~ heatertemperaturesreachedduring
CYCHCde-icing,provideanindicationofthefeasibilityofutilizing
thehigherheatingintensitiesfortheshorterdurationsofheatingtime.
Iftheheatertemperatureshouldbecomeexcessive,thehsulationmaterial
surroundingtheheaterelementcouldfail,resultingh electricalfailure
ofthebladeshoe,withpossiblymoreseriousconsequences.Thedataof , -
tableIIshowthemaximumheatertemperaturestobe fatrlyconstantat
anygivencondition,regardlessoftheheatingintensity.Themaximum
temperaturereachedwas145°F ata heatingintensityof27wattsper

.

—. ____ _____ ___ _
.
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squareinchwitha 5-secondheatingpriodi Thistemperatureiswell
belowthefailuretemperatureoftheblade-shoeinsulatingmaterials
currentlyinuse. Thehighestheatertemperaturesoccurreduhderthe
conditionsoflowestairtemperatw,whichreq@ed.thehighestheating

1intensities.Itisobvious,ofcow e,thatiftheheatingintensityis
adjustedforde-icingat a lowairtemperature,themaximumheatertem-
peraturewilll.exceedthevaluespresentedintableIIduringoperation
at a higherairtaperature.A similarsitu&ionwouldexistatvalues
ofliquid-watercontentgreaterthan0.1grampercubicmeter.

Thepossiblefailmeofthesystemusedto cyclethepowertothe
bladeshoespresentsa hazard,particularlyatthehighervaluesof
heatingintensity.Ifthecyclingswitchshouldbecomejammed,for
example,allowingpowertothebladeshoetobe suppliedforan indefinite
period,theheatertemperaturemayquicKLyexceedtheallowablelbit.
TableIIIgivesan indicationofthesmountoftimethepotiercouldbe
appliedcontinuouslybeforecertainoperatingtemperatureswouldbe
exceeded.Thesedataareintendedtoprovideinformationwhichcouldbe
,utilizedinthedesignofa safeguardtoprotectthebladeshoesinthe
eventofoccurrenceofa cycling-systemfailure.

Themsximwntaperatureoftheblade-metalsurfacereacheddurbg
cyclicheatingisofimportanceifthetemperatureexceedstheallowable
limitofthebondingagentusedinthe,installationofthebladeshoe.
An examinationofthedatarevealedthatthemaximumblade-metaltempera-
te reachedwas85°F, wellbelowthemaximumallowabletemperatureof
bondingagentscurrentlyinuse.

.

Blade-ShoePerformanceas InfluencedbyVariationsin
,Blade-ShoeMaterialandConstruction

,

,

.

Effectofvariationsin insulationlayeraboveheaterelement.-Fig-
ure10 showsthatasthethermalresistanceandthermalcapacityofthe ~
insulationlayerabovetheheaterelementaredecreased,thereqtiedheat-
ingintensityisdecreased.Fora conventionalbladeshoe,theeffectof
a decreaseinresistsmceismuchgreaterthana proportionaldecreasein
capacity.Forexample,reducingthethermalresistanceto zeroresults
h a decreaseintherequiredheatingintensityofabout,50percentof
thatrequiredwitha 0.03-inch-thicklayerofrubber,ata heat-ontime .

of 5 seconds,whereasdecreasing-thecapacityto zeroresultsina reduc-
tioninrequiredheatingintensityofonly15percentforthesameheating
conditions.A savinginheatingintensityand,hence,inrequiredpower
ofabout55percentispossiblefora 5-secondheat-onttieby eliminat-
i& theinsulationlayercompletely.

Figure18presentsan indicationofthepowersa~ possibleby
reducingthethermalresistancefromthevaluefora rubberinsulation
layer0.03inchthick.Thisfigureshowsthatsubstantialsavingsin

.. . . .-. .———- —- - .-..--— . ..... .-..— —.-—————-——— -—.--.——-—.—————--.—. -.—- . .. . . .-
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poweraretobe gainedthroughreasonablereductionsinthethermal
resistance.

Effectofvariationsininsulationlayerbelowheaterelement.-
Figure11 showsthatasthethermalresistanceoftheinsulationlayer
belowtheheaterelementis increased,thereqtiedheatingintensityis.
decreased.Likewise,therequiredheatingintensityisdecreasedasthe
thermalcapacityisdecreased.As inthecaseoftheinsulationlayer
abovetheheaterelementofa conventionalbladeshoe,theeffectofa
changeinresistanceis considerablygreaterthana proportionalchange
in capacity.A savinginrequiredpowerofabout50percentcouldbe
obtainedwithperfectinsulationbelowtheheater.

Figure19presentsan indicationofthepowersavingpossiblethrough
increasesinthethermalresistancefromtheyaluefora layerofrub-
ber0.03inchthick.Again,considerablepowersavingscanbe effected
by reasonableincreasesinthethermalresistsmce.

Effectofvariationsinthebsulationlayersbothaboveandbelow
theheaterelement.-Figwe 12 illustratestheeffectof combiningthe
variationsintheimmlationlayersbothaboveandbelowtheheaterele-
ment. A curveis shownforthecaseofno ins&tion abovetheheater
andperfectinsulationbelow.Thisindicatestheultimateindesignof
an externalbladeshoe.Inthiscase,alltheheatdeliveredtothe
heaterisbeingutilizedtoraisethetemperatureoftheice;noneofthe
heatisbeingwastefullyabsorbedby theblade.Thiscurveisneuly
flat,displayingveryEttleriseinrequiredheatingintensitywith
decreaseinheat-ontime. Obviously,themostefficientregionofopera-
tionisattheshort=durationsofheatingtime.BY operatingata
heating-timedurationof5 seconds,forexample,thepowerrequirement
canbereducedto 38percentofthatnecessaryfora conventionalshoe
operatingatthesameheatingtime. Thisisrepresentativeofa reduc-
tionintotalenergyto only14percentofthatrequiredfortheconven-
tionalshoeoperatingat20-secondsheat-ontime. Thecontrasting
inefficiencyofbe conventionalbladeshoeisfurtherillustratedin
thetransientheat-flowdataoffigure5,inwhichit is shownthatroughly
halfthetotalheatdeliveredflowsintothebladeduringtheheatingphase
ofthecycle,leavingonlyabouthalftheheatinputtoperformthefunc-
tionofremovingtheice.

Figure12alsoshowstheeffectofreducingto zerotheinsulation
resistanceandcapacitancebeneaththeheaterelement,withno insulation
abovetheheat=. Thisconfigurationistheequivalentofmountingthe
bareheaterdirectlyonthepropellerblade,andwouldbe approachedin
practiceby theapplicationofan electricallyconductivefilmtothe
bladesurface,a processyhichhasbeenrecentlydeveloped.Withthis
configuration,considerablepowermaybe savedoverthatrequiredfora
conventionalshoeatheat-ontimesgreaterthan5 seconds.

*

,,

.

___— ———-— .—. —————,—_ —...—. —. —
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Becauseoftheproblemofabrasion,itmaynotbe feasibletoallow
theheaterelementtobe exposedinthemannersuggested.Theabrasion
problm,infact,hasledtotheuseof fairlythicklayersofrubber
abovetheheaterforitsprotection(0.03inchthickinthecaseofthe
conventionalshoesimulatedh thisinvestigation).Thisisundesirable
fromthethermalstandpoint,however.Onepossiblesolutiontothis
problemliesinthedevelopmentofa materialwithdecreasedthermal‘
resistanceandsuitableabrasion-resistancecharacteristics.

A moreimmediatesolutiontothethermalproblemalonewouldbe to
keducethethicknessofthelayerofrubberinsulation,abovetheheater,
as suggestedby thedataoffigure13. Ifthethicknessofthislayer‘-
isreducedby a factorof2, thepowerrequirementmaybe decreased
about25percent.Additionalpowereconomymaybe achievedby increasing
thethicknessofthelayerofrubberundertheheaterelement.Thecom-
binedeffectofutilizinga layerofrubberhti theoriginalthichess
abovetheheaterandt%ticetheoriginalthicknessbelowis shownin
figure13toreducethepowerrequirementabout30percent.Protection
ofsucha bladeshoefromabrasionmightbe accomplishedthroughinstalla-
tionofa thinstripofmetalalongtheleadingedgeofthebladeover
theshoe.Teststodeterminethethermaleffectof suchanabrasion
strip0.002.inchthickshowedno increaseintheheat-requirements.

A furthermeansofreducingtheover-allener~requi?maentsfor
propellerde-icingwouldbe toreducethechordtiseextentoftheblade
shoe.Itshouldbe notedthatsucha procedurewouldbe feasibleonly
iftheresultingcoverageissufficienttoprovideadequateprotection,
a factorwhichisdeterminedby thechordwiseextentoftheiceaccretion.
Inalloftheblade-shoeconfi~ationsinvestigatedembodyinginsulation
undertheheater,therequiredheatingintensitieswereinfluencedneg-
ligiblyby variationsinthechordwiseextentoftheheater.Inthe
caseoftheheaterelementmounteddirectlyontheblade,however,chord-
wiseheatconductionis sufficientlyhighthatanyreductioninheater
widthisreflectedinan increaseintherequiredheatfigintensity.The
extentofthiseffectis illustratedinfigure12,inwhichis shownthe
heating-intensitycurveforthecasewheretheheaterisreduced
about30percentinwidth.Althoughtherequiredheathgtitensityis
increase~thetotalenergyrequirementisdecreased-byover15percent .
duetothereductioninareaoftheheater.

Blade-ShoePerformanceas InfluencedbyVariations
inHeat-TWansfer(@fficients

The data offigure14 showthatch&gesinthevaluesofthecon-
vectiveheat-transfercoefficientsresultinappro-tely proportional
chamgesin,therequired.heatingintensityforde-icing.Thisservesto
illustratetheimportanceoflmowledgeoftheexactvaluesoftheheat-
transfercoefficientsprevailingoverthepropelJ_erblade,especiallyin
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regionoficeformation,wheretheheat-tragsfercoefficient~exert
majorinfluenceonheatrequirements.

AnalysisofValuesof
-Requiredfor

A reviewofthevaluesofheating

.
HeatingIntensity
De-Ictidg

!

intensityrequiredforde-icing
asindicatedby thedataofthisreportshowthevaluestobe generalJy
higherthantheheating-intensityvalueof8 wattspersqwe inch,
commonlyinuse. Generalageementexists,however,betweentheheating-
intensityvaluespresentedhereinfortheconventionalbladeshoeoper-
atedata 20-secondheatingtimeand0°F airtemperature,andthevalue
of10wattspersquareinchrecommendedinreference1 forsimilaroper-
atingconditions.

Au examinationofthedatatakenat8wattspersquareinch(fig.9)
anda heating-thedurationof20 seconds(typicalof operationalvalues
ofheatingintensityandheat= timeccmmonlyinuse)showsthatcom-
pleteprotectioncanbe expectedwitha conventionalbladeshoeoperatimg
undertheseconditionsdownto an* temperatureofabout10°F,with
onlypartialprotectionprovidedbelowthistemperaturedownto about-5°I
atwhichpointno furtherde-icingcanbe expected.

In orderto obtaina roughcheckoftievaluesofheatingintensity 7
presentedinthisreport,a compszisonwasmadeofvaluesofheating
titensitysho~mtobe requiredintheinvestigationofreference1 and
valuesextrapolatedfromthedataofthepresentreportforthesameoper-
atingconditions.Threecasesfromreference1 werechoseninwhichthe
conditionswereclosesttothosesimulatedherein.Thedatawereobtained
fromreference1,tiilizingphotograp@showingtheradialextentof
residualiceformationsto establishthepositionofmarginalde-icing
protection.Thesephotographs,combinedwiththeinformationonblade-
shoeconstructionandmeteorologicalandoperatingconditions,provided
meansforextrapolationoftheheating-intensityvaluesofthisreport.
The resultsofthiscomparisonaregivenasfollows:

Figure No.
(refer-
ence1)

19(a)
20(al

Durationof
heat-ontime

(see)

24
12

20{bj I 24

Heat@?intensitY
w in.2

lExtrapolated
Reference1 fromdataof

thisreport
6.5 7.9
8.0
8.0 :::

/“ !.— .—_— —-——... - . . .. —. -——___ ~ _ <.-..—.—
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Thisgeneralagreementisconsideredtobe good,especiallyinviewof
theratherextenkiveextrapolationsinvolved,andservesto substazrbiate
thedatapresentedinthisreport.

CONCLUSIONS

Thefollowingconclusionshavebeenreachedastheresultofsm ‘
analyticalstudyofcyclicde-icingwithbladeheatingshoesmountedon
a hollowsteelpropeller.Thepercentagevaluesofenergysavingpre-
sentedapplydirectlyonlytothecaseofhollowsteelbladesofapprox-
imatelythesameconfigurationasthattested.However,thegeneral
conclusionsareapplicableto allpropellerbladesfittedwithexternal
heatingshoes.Allcyclicheatingdurationsarebasedona totalcycle
timeof80 seconds.

1. Considerablesavingofener~ canbe effectedwithbltieshoes
currentlyinoperationby applyinghigherheatingintensitiesforshorter
durationsoftfiethanaregenerallyinuse. Forthecaseof conventional
shoesofthetypecommonlyused,by operatingat a 5-seconddurationof
heatingtime,thetotalenergycanbe decreasedto about40perctitof
thatrequiredforoperationat a 20-secondheatingduration.

2. Considerablesavingofenerg canbe effectedthroughproper “
designofbladeshoes.Forexample,ifthethicknessoftheinsulation
,layerabovetheheat= ofa conventionalbladeshoeisdecreasedby a
factorof2 andthethiclmessoftheinsulationbelowtheheateris
doubled,theener~ canbe decreasedtoabout70percentofthatrequired “
fora conv&tionalshoeoperatedatthesamecyclicratios.Through
appropriatedesignandselectionofinsulatingmaterials,theener~
requirementcanbe decreasedtoa valueapproaching38percentofthat
neededfora conventionalshoeoperatedat ~-secondsheatingtime.

3. Thems.xbumheatertemperaturesreachedunderconditionsof
efficientde-icingfortheabovecasesarerelativelyindependentof
heatingintensity,andareweU withinsafelhits of operationforexist-
inginsulationmaterials.

4-.As theliquid-watercontentoftheairstreamticreases,the
energyreqyiredtoremoveicefromthepropellerdecreases.Meteorological
conditionswhichimposethemoststringentheatingrequirementsona
cyclicallyheatedpropellerarelowvaluesofQquid-watercontenttogether
with’lowairtemperatures.

5. Uncertainties
coefficientprevailing

as totheexactvaluesof convectiveheat-transfer
overthesurfaceofthebladeandicelayerresult

— .—— . . . -. -—- -- .—— --————-— -—.—-. . . . . . -—- — —- —... —- —..—.. —----- ...._-
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inuncertaintiesof
ofrequiredheating
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approximatelyproportionalmagnitude,inthevalues
intensity.

AmesAeronauticalLaboratory
NationalAdvisoryCmmitteeforAeronautics

MoffettField,Cal-if.,Sept.26,1952
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APPENDIXA

SYMBOLS

chordofbladesection,feet

specificheatof

specificheatof

specificheatof
pound,%?

thermalcapacity

airat constantpressure,Btuperpound,%

iceat cofitantpressure,Btu perpound,%

waterat constantpressure,equalto 1 Btuper

ofblade-shoeinsulationmaterial,Btuper%?

blade-sectionldftcoefficient,dimensionless

propellerdiameter,feet

saturationvapor
millimetersof

saturationvapor
millimetersof

accelerationdue

pressurewithrespecttowater
mercury

attanperatureto,

pressurewithrespectto iceat temperaturets,
mercury

to gratity,equalto 32.2feetpersecond,second

convectivesurfaceheat-transfercoefficient,Btuperhour,square
foot,%

blade-sectionmaxhumthiclmess,feet

mechanicalequivalentofheat,equalto 778foot-poundsperMu

latentheatoffusionof ice,equalto 1~ Btuperpound

latentheatofsublimationof iceattemperaturets,Btuper
pound

weightrateofwater-drop@ingementperunitof surfacearea,
poundsperhour,squarefoot

localbarometricpressure,millimetersofmercury

rateofheatflowperunitofsurfaceareaoftheiceformation>
Btuperhour,squarefoot

temperature-recoveryfactor,dimensionless

.. —.— —.——. . ... . ..-—.. -— - - —. — —.-. —-—— -------- . . . . ..-— — -
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R thermal.resistanceofblade-shoeinsulatio~
second

NACATN 2852

material,% perBtu,

to smbient-airtemperature,%’

tfJ temperatureof outersurfaceoficelayer,O??

u speedoffreestresmwithrespecttopropeller-bladesection,
feetpersecond

$

. .

.
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APPEND~B

DEVELOPMENTOFEQUATIONFORCALCULATIONOFHWT TRANSFER

FROMTHESURFACEOFAN ICELAYERDURINGITSF-ION

a-

Duringtheformationoficeonan objecttravelingthrougha cloud
composedof supercooledwaterdrops,heatistransferredfromthesur-
faceoftheicetothesurroundingairata ratedeterminedbytheindi-
vidualratesofheatlossorgainresultingfromconvection,evaporation
@@Went ofthewaterdrops,andreleaseoftheheatoffusionofthe
ice. Thistransferofheatmaybe expressedbythefollowingeqwtion,
whichdiffersslightlyfromthatderivedinrefer=ce2,wheretheposi-
tivetermsrepresenttheflowofheatfrantheicetothesurrounding
atmosphere:

(.
+

~
)
+h o.622Ls= h ts-to-r— —

2Jg~ pcp
-“

62
(%-co) -%%— -2JgcW

cp~(32%)1 (1)1Ma L-f-- Ma c% (3=0) +%

fortheconstants in equation (1) andSubstitutingappropriatevalues
collectingterms,theheatflow

~ =h
(
ts-to4Wr

fromtheicesurfaceisgivenby

U2 x 10-5
)

~ (es-eo)+ -+ 2.6h—

‘(I& o.47ts-to-i27-2u=xlo-5
)

(2)

Valuesoftheeffectivecoefficientsofheattransf=fromthesur-
faceoftheicewereobtainedfromtheslopeofthecurveof q plotted
as a functionof ts as establishedby equation(2)foreachsegmmtof
theiceformation.Sincethesecurvesshowedverynearlya linearvaria-
tionofheattransf~”fromtheicesurfacewithice-surfacetemperature,
ftiedvaluesofelectricalresistancewereusedintheanaloguesimula-
tionofthethermalresistancetothisheatflow.Valuesof equilibrium
surfacetemperatureforeachse~nt weretakenfromthesecurvesatthe
pointwhere q egyalledzero.

I i _.__— ... ____ .- . . . - — --. . ..-. .—-. ..--—. .——--— ——. ,.—
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TABLEI.-VALUESOFPHYSICALPROPERTIES
METAL,BLADE-SHCIEINSULMTONMATERIAL,

component

Blademetal
Blade-shoe
~ation
material
(conventional
shoe)
Iceaccretion

knsity
(lb/ft3)

F

81.6

50

Specific
heat

@u/lb,%)
0.10’7

0.31

NACATN2852

SELECTEDF(IRBLADE
ANDICEACCRETION

Thermal
conductivity

(Btu/hr,ft2,%/in.)

1.42

0.47

..

,

.

1

.

I
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TABLEII.- MAXIMUM-HWYDIR~ IULXHEDDURING
CYCLICHEATINGOFCONVENTIONALBLADESHOE

Propeller Tree-air
i

Heating Durationof Maximum-heater
stationtemperaturetitensitflheat-ontime temperature
(in.) (%?) wattsin.2 sec (%)

11 20 103

25

0 13 10 100
17 5 104
14 20 113

24 -12 16.5 10
22 5 122
17 20 135

-20 20 10 128
27 5 145
ls 20 log

o 13 10 105
17 5 104
14 20 127

36 -X2 16.5 10
21 ? 123
17 20 142

-20 20 10 136
26 5 144
9.5 20 108

0 12 10 105 ~
15 5 1~
13 20 130

48 -12 15.5 10 lZ’?3
20 5 117
15.5 20 140

-20 18.5 10 138
23.5 5 140

20 95
0 7.3 10 97

9 5 93
X2 20 130

72 -12 14 10 125
18 5 123
:;.5 20 135 I

-20 10 131
21 5 128

Heatinghrknsitiespresentedareminimumvaluesreqpiredfor
de-icingateachcondition.

NOTE: Liquid-watercontent,0.1@n/ms;totalcycletime,T
80 secondsJ forwaxdtrueairspeed,300mph;propellerspeed,
1100rpm;pressurealtitude,20,000feet.

.—— — — -- —.— ..— -- ——-.—— — -—
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TABLIIIII.- TIMEREQUIREDFORHEATERTOREACHVARIOUS~ms mm
CONDI’ITONS@ CONTINUOUSHEATINGFORCONVENTIONALBLADESHOE

.

Rm-pella Eree-air Heatbg Timein secondsrequiredfor
station temperature intensit# heater to reach a t
(in.)

anperatuxe
(OF) (watts/in*Z)“ 1500F I 175°F 200°F

11 --- --- ---
0 13 210 -— ---

17 44 26 426
14 184 c--

24 -12 16.5 79 y: ~~~
22 15 93
17 91 251 ---

-20 20 42 100
27 8 14 ‘z

~ n 186 --- ---
0 13 75 190 ---

17 23 57 117
14 70 164 ---

36 -X2 16.5 34 150
21 10 z 45
17 40 190

-20 20 18 3i 70
26 6 12 a
9.5 163 -— ---

0 12 60 151. ---
15 24 53 103
13 122 ---

48 -12 15.5 3 49
20 12 25 E
15.5 40 77 155

-20
!

18.5 20 35 59
23.5 8 14 24

--- --w —-
0 7-3 --- -- ---

9 98 --- -–
12 52 l@

72 -12 14 26 g“ ~~
18 10 45
13.5 39 78 278

-20 16 20 42 84
a 7 18 34

Valuesofheattiintensitycorrespondto thosepresentedin
tableII.

NOTE: Ic@id-water content, O.1 gn/ms; forward true *speed,
3~mph; propellerspeed,IJ-00rpm;pressure altitude, 20,000 feet.

————
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Figure2.-Recordhgapyaratususedwithelectricalanalogue.
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[a) StOtlon 24.

Flgwe Z- ?ropeller blade-shoe koting hn’msity requked for de-icing os a functbn of
cycIYc heating the on for wdous fm - al, temperatures. Conventional blade -shoe
canflgurdlon. LiquM - WOW content’, O./ gm/m3; total cycb the, 60 seconds.
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(b) Stafion 36.

Figure 7. — Continued.



... . ..-. ,, . . ..- . . . .. . .

, ,

I
1

—

—

I

I

“4 6 8 /0 /2 14 /6 /8 20

Dwoth of heat-on. time, secono’s
(c) Stotion 48.

t3gure 7.- Contkued



u
u-.

24

20

8

4

\

#3

— /?ee -air temperature, & = -20.0E

(.A

4 6 8 /0./2 14 /6 /8 EV

Duration of heat-on time, seconds

(d) Sfation 72.

F&ure 7. L Concluded

1



mcA m 2852 37

.

,,

.

.

.

o .2 .4 .6
gm

Liquid-wuter content, —~3

Figure-8.- Vorhtionwithliquid- water content of free- uir
temperaturedownto whichcyclicde-icing can be
uccompllshedw~thu heatingintensityof 10 wafts per
squureinch und u heut-on time of 20 seconds.
Convenfionulblade-shoeconfiguration; tofol cycle
time, 80 seconds; radiul stotion48.

-———— .—. — — . -.. —- —— ——— -—— —-————.————<.



/2

-8
‘o 10 20 30 40 50 GO 7~ 80

Radial stahbn, inches

Figure 9.- Variation with rudial stption of )%?8-air temperature down to which de-
icing can be accomplished with a uniform heoting intensity of 8 watts per
square inch at a cyclic ratio of 20-secowds heat-on time and 60-seconds
heat - aff time. Conventional blade-shoe configuration; liquid-water content,
0.1 gin/@.
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Figure 14. — Concluded.
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to cyclically de-ice a propel%rblude using an 80-second cycle.
Conventionalblade-shoe conflgurotim; i’lquid-wafer content, O.I ~/ms.

.
I

)’

—. —. ....——..— — --- —.- ——— — —---- ----- ---— .. . ... ——-.——— -.— .—. ———.————— —-- .—



.

NACATN 2852 49

/00

90

20

/0

o

/

Free-olr temperature /
te=~-/Z,@-ZOoFT / ‘/.

!

/
/

v–
4
0 2 4 6 8 /0 /2 /4 /6 /8 20

Durotion of heot- onfln78, SeConds
[b) Station 36.

Figure/6.- Continued

.

—.—— —— -- .— ---— --- —— ..— --.......—— — ——--— - - ---



50

20

/0

I I I

. / ‘/ ‘
Free-oir temperufure /

~,.o.~ { /

Duration ofA90t-on time, seconds

[c) Stotion48.

figure /6.- Gonflnue~

.

.—. — — — —— —.. . . — .--. —y— — .—.—— .. . . . .



.,

,,

1

,

,,

,’
,,

NACAm 2852 51

/00

90

80

70
,

60
I tJ=o”F-/ J#f’ I I I I I

.

1

Free-oir t@mpUrOtUre //

-A?”f I I I t

50
A$7

{4 -20° F
40

‘ 30

20

10
w–

0 1
0 2 4 6 8 M 12 /4 16 /8 20

.Durotionof heot-on time,seconds

(o” Station72: , ‘ ~

‘ ~igure 16.- GonCW.t?~.
,1

.

t

*

..__ _. ._. .._ ----- ,.. .—- — ---——.-——- ,-..-—. — . .. . -..—---—— ~...-..—— .—-— — ----— .. . —.—— . —–-



I
\

I

I
~
t

4?4

20

“16

t2

8

- Duration of hebt - on time, 5 seconds
\

v \

\

A

10 seconds
u

o —- - n

1— 20 seconds

10 20 30 40 50 60 70 80

Radial station, inches

F~ure /7. - Variation of heating intmsity required for de- icihg as a function of
rodlul stathn for vurious values of heat-on time. Conventional blade - shoe
configuration; total cycie time, 80 seconds; free-air temperatu~, ’12° F; fiqui~
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t7gure 19. - Effect of incmosing the thermal nslstonce of the insulating lop bebw the
heater element on the power required for cyclic de-icing, based on the power
requirement for a heating shoe consisting of rubber Insulation Iayem 0.03 inch
thick above and below the heater efement. Station 48; free-air temperature, -12° F;
iiquid - woter contenr, O.I wAN; total eye/e time, 80 seconds.

E

k

“:

—

.,
. .

—


